This paper describes the method of onion-like nanoparticles synthesis in a microflow. As the core of a material, platinum nanoparticles were used. The first shell consists of metallic palladium, and the second one is metallic gold, respectively. The synthesis of onion-like nanostructure was performed using microflow reactors system, which consists of 3 independent elements. As the reducing agent of precious metals ions, vitamin C was used. To prevent NPs from the aggregation, a polyvinyl alcohol as the stabilizing agent was applied.
Introduction
Noble metals like gold, platinum, and palladium in nanoscale possess unique physical and chemical properties [1] different from the same material in a large scale. Due to their properties, these metals are especially interesting for many applications like fuel cell [2] , as a sensor [3] , in medicine [4] and in catalysis [5] . In catalysis, nanoparticles are commonly applied in many areas of science, technology, and in many processes. It is obvious that small size and spherical shape may have a great influence on their catalytic properties, due to their high surface to volume ratio. However, for specific applications, different size as well as shapes and metals composition is also preferable [6] . Different composition of nanomaterials in the form of nanoalloy or core-shell particles is also interesting, due to the synergetic effect [7] . For example, core-shell and/or multishell nanoparticles are the materials consisting of main metal in the center as the particles core which are covered with other metal(s), which make a shell(s). Depending on the core-shell and/or multishell nanoparticles, and their shell thickness, these materials may have different and specific properties [7d] . Such materials are synthesized by, e.g., simultaneous reduction of metal precursors [8] as well as seed-mediated [9], sonochemical, photochemical, radiochemical [10] , and pulse irradiation methods. However, these methods have some disadvantages related with nonhomogeneity of the obtained particles, which depends on the nucleation and growth rate, temperature, solvents, etc. Here, in response to these difficulties, microreactors [11] , which control the various stages of the particles synthesis like nucleation and growth, are given. This technique allows for the introduction of reagents at any time of the synthesis. Microreactors also allow for the application of the extreme conditions such as a high temperature and pressure, which are impossible or difficult to achieve in conventional synthesis [12] . In this paper, we present, for the first time, the synthesis of nanomaterials in microflow system consisting of platinum core, covered by palladium and closed in gold capsule.
Results and Discussion
In Figure 1 , the ultraviolet-visible (UV-vis) spectra of the colloidal suspensions obtained after reduction (see Experimental section) and their color are shown. Observed strong absorption of UV radiation is related to adsorption band of the reductant, i.e., vitamin C. In case of Pd-Pt, significant increase of absorbance can be observed in the range from 300 to 900 nm. The increase of absorbance in a wide range of spectra is rather related to the radiation scattering than to the absorption. Moreover, in this range of wavelength, peaks are not observed, which is typical for platinum and palladium nanoparticles. In case of Au-Pd-Pt sample, also, no peaks are observed. This is rather an unexpected result. It is well known that gold nanoparticles exhibit strong absorption of light in a visible range and location of maximum absorption band is correlated to particle size and shape. However, it is worth to note, that nuclei do not show a surface plasmon (usually seen for particles bigger than 2 nm) and show a distinct absorption onset at the electronic gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) [13] . This suggests that the thickness of the obtained gold layer is below 2 nm.
Slight increase of the absorbance in the range from 600 to 900 nm is also observed, and it results from increasing intensity of scattered light by the sample. The color of the obtained sample changes from almost colorless for very small platinum nanoparticles, to brown for Pd-Pt, and, finally, to brown-reddish for Au-Pd-Pt ( Figure 1 ).
The hydrodynamic diameters of the obtained nanoparticles (NPs) after each step of synthesis were analyzed using dynamic Figure 1 . UV-vis spectra and color of the obtained solutions * light scattering (DLS) method. In order to determine particle size properly, the density as well as refractive index of the obtained colloids was measured.
The obtained results are gathered in Table 1 . In case of colloidal suspensions, the density of the system is identical to the density of a dispersant.
It can be seen that the value of refractive index slightly decreases with the addition of subsequent layers. This may suggest that those layers are very thick. In case of hydrodynamic diameter, the obtained values significantly increase with subsequent layers. Such behavior is expected and confirms a new layer formation. The thickness of subsequent layers can be calculated. However, some simplifications must be done. First of all, we have to assume that synthesized platinum nanoparticles are monodispersive in size and have a spherical shape. Under this condition, it is possible to calculate the number of synthesized platinum nanoparticles using eq. (1) .
where:
R i -radius of nanoparticles in cm; M m,Pt -molar mass of platinum; C 0,Pt(IV) -initial concentration of platinum salt; V -volume of the colloidal suspension; ρ Pt -platinum density for fcc structure (21.09 g/cm 3 ) at the room temperature.
One has to assume that all PtNPs are used for core formation in core-shell nanoparticles. This assumption enables theoretical calculation of Pd and Au layers thickness using the following data:
ρ Pd -is palladium density for fcc structure (12.023 g/cm 3 ); ρ Au -is gold density for fcc structure (19.3 g/cm 3 ) at the room temperature.
Under these conditions, the number of PtNPs is equal to 1.38 × 10 16 particles per liter. The radius of the particle was assumed taking into account DLS results. Then, the thickness of each layer can be calculated taking into account initial concentration of precursor and the number of seeds. For Pd, the layer thickness formed on each seed is equal to 0.5 nm, and for Au, 0.4 nm. It can be seen that there is a significant discrepancy between the data obtained from DLS measurements and theoretical calculations (see Table 1 ). Therefore, transmission electron microscopy (TEM) analysis of the obtained materials and particle size distribution was performed. The obtained results are shown in Figure 2 . The calculated value seems to be in good agreement with TEM observation. However, it should be pointed out that the aggregation of particles is also observed.
Detailed analysis of onion-like Au-Pd-PtNPs single nanoparticle (one of the biggest one, with diameter about 80 nm) revealed the details of its structure. It can be seen that the nanoparticles consist of two layers and the core (Figure 3) . However, the core seems not to have uniform structure. Such uniform structure may result from platinum nanoparticles aggregation. It should be noted that the core (PtNPs) was stabilized using poly(vinyl alcohol) (PVA). Long polymer chain may stick together several nanoparticles to form structure that looks like aggregates, where each PtNP is separated by polymer chains. The number of such aggregated particles is not high. In case of small particles with diameter of about 8-9 nm (the main fraction), it was difficult to see such details due to microscope resolution limitation. The coexistence of particles agglomerates and small particles may explain the differences between theoretical calculations and the results obtained from DLS. It is worth to note that the value measured by DLS is the hydrodynamic diameter, which consists of both solvent (hydro) and shape (dynamic) effects.
The differences between DLS analysis and TEM results can be explained as follows. The DLS technique is dedicated for monodispersed samples. In case of polydispersed samples, the signal coming from large particles is disproportionately larger in comparison with the signal coming from small particles. Therefore, the obtained results from DLS measurements can be a subject of a significant error.
Finally, the samples were also analyzed using X-ray diffraction (XRD) method. An example of the obtained results is shown in Figure 4 .
It is clear that four peaks can be observed. In case of gold, platinum, and palladium, it is difficult to distinguish these metals by using XRD. However, the average crystals size can be calculated from Scherrer eq. (2). where K is dimensionless shape factor (here: 1), λ -wavelength of Cu Kα radiation, θ -Bragg angle, and β -line broadening at half of the peak maximum; the size of single gold crystallite d was calculated. The size of crystalline material was calculated using half-intensity width of a peak coming from (111) 
Conclusions
It was shown that the single-step multilayer nanoparticles synthesis consisting of metallic platinum, palladium, and gold is possible using microflow reactors. For this purpose, it is extremely important to know the kinetics of the reduction reactions taking place in the system. The kinetics of Pt(IV) [14] and Au(III) [15] reduction were intensively investigated and described in the literature. Thanks to that, it is possible to choose the proper flow rate, concentrations as well as the temperature. The obtained nanoparticles may be used as the catalyst or as a drug carrier. The catalytic properties of the obtained materials will be studied in the future.
Experimental
In all experiments, deionized water was used (Hydrolab HLP-30) with impurities concentrations: Na 
As a platinum nanoparticles precursor, hexachloroplatinate acid (H 2 PtCl 6 ) was used. Hexachloroplatinate acid was obtained by dissolution of metallic platinum in aqua regia according to the protocol described in details in previous paper [16] . Next, such prepared stock solution was dissolved in water in order to obtain the required initial concentration.
Stock solution of palladium(II) chloride complex was obtained by dissolution of palladium(II) chloride (analytical purity, POCH) in hydrochloric acid. The amount of hydrochloric acid required to dissolve palladium(II) chloride and palladium(II) chloride complex ions formation was calculated according to the following reaction (3).
ð3Þ
It is well known that palladium(II) chloride itself is insoluble in water. For that reason, an excess of hydrochloric acid was used. In order to prepare a required initial concentration of palladium(II), stock solution was dissolved in water.
Gold(III) chloride complex ions were obtained according to the procedures presented in our previous paper [17] .
The initial concentration of aqueous solution of platinum (IV), palladium(II), and gold(III) were set at 2, 0.5, and 0.25 mM, respectively.
As a reductant of metal ions and electrostatic stabilizer, ascorbic acid (p.a. POCH) was applied. The solution was freshly prepared before experiment by dissolving the required amount of reagent in deionized water. Concentration of ascorbic was 0.12 M (i.e., 60-fold excess in comparison to initial concentration of platinum(IV) ions).
As a stabilizer of platinum nanoparticles, polyvinyl alcohol (PVA, Sigma-Aldrich) was used. This reagent was prepared by dissolving 1.025 g in 250 mL of deionized water.
The resident time of the reagents in the microreactor system can be calculated according to the following equation:
where: t -resident time of a reagent in the chip; V r -total volume of the reactor; F r -flow rate of reagents. Flow rate of the reagent was set up in a way which ensures that the reduction reaction reaches a minimum 99% efficiency. Resident time of each reagent was determined by making use of kinetic data [14, 15] .
The synthesis of onion-like nanoparticles was conducted in a microsystem. Such setup consists of microreactors, which were connected in series as it is shown in Figure 5 . Detailed information of this construction is given in Supporting Information. In the first step, the Pt(IV) chloride complex ions as the platinum precursor, ascorbic acid, and the PVA were mixed. The flow rate of each stream was established at 0.65 mL/min for metal ions and ascorbic acid and at 1.3 mL/min for steric stabilizer (PVA). The reduction reaction of Pt(IV) ions, nucleation, and growth of particles were carried out at the temperature 105°C, according to the protocol described in our previous paper [18] .
Then, the obtained product stream was cooled down to 20± 1°C. Subsequently, Pd(II) ions were added using T-shape micromixer to the main stream with synthesized PtNPs (Figure 5 ). The flow rate of Pd(II) chloride complex ions stream was equal to 2.6 mL/min. Thanks to the use of a significant excess of reductant in the first step, the reduction process of Pd(II) to metallic form took place rapidly. In the last step, the obtained core-shell Pd-Pd NPs were mixed in the solution with Au(III) ions. The remaining vitamin C reduced Au(III) to the metallic form [15] .
The obtained solutions, after each step of synthesis (i.e., Pt, Pd-Pd and Au-Pd-Pd NPs), were collected and analyzed spectrophotometrically using Shimadzu model U-2501PC. Hydrodynamic radius was determined using Malvern Zetasizer Nano ZS. Refractive index of the obtained solutions was determined at the wavelength 633 nm using Abbe Refractometer DR-A1 (Atago).
The size and size distribution of the obtained particles was also analyzed by scanning transmission electron microscope (STEM, Hitachi SU-70). The specimens for microstructural observations were prepared by placing a drop of a colloidal aqueous suspension containing Pt-Pd and Pt-Pd-Au onion-like nanoparticles (10 min after preparation) on to a copper grid covered by a 20-to 30-nm amorphous carbon film and, next, dried at room temperature. 
